The many attempts to demonstrate early activation or inactivation of specific enzymes as a consequence of exposure to ionizing radiation in vivo have not succeeded in disclosing the biochemical origin of the radiobiological lesion. This failure may be due to localization of the primary biochemical events at certain sites within the cell, for in such circumstances the earliest changes might escape detection in studies on whole tissues or homogenates. Such localized intracellular responses have been observed in the behaviour of mitochondrial deoxyribonuclease II (GoutierPirotte & Thonnard, 1956) and in the uptake of 32p into liver ribonucleic acid (Payne, Kelly & Entenman, 1952) . It seemed likely that in view of the marked disturbance of nuclear function after irradiation, a comparison of the enzymic complement of the nucleus in radio-sensitive (i.e. those tissues which show early histological deterioration after exposure to sublethal radiation) and nonsensitive tissues might provide a clue to the nature of the primary biochemical lesion.
About thirty nuclear enzymes are known, but unfortunately many of these have been described in tissues from slaughter-house animals which are not suitable for radiobiological studies. The rat, which is very satisfactory for such purposes, has been used for the present work. A number of nuclear enzymes have been assayed and their activities expressed on the basis of deoxyribonucleic acid phosphorus content as recommended by Gray & Deluca (1956) .
EXPERIMENTAL Enzyme a88ay8
Adenosine deaminase. The method depended upon the change of 7-2 x 103 in the molar extinction coefficient at 260 mp& which accompanies the conversion of adenosine into inosine (Beaven, Holiday & Johnson, 1955) . The test system contained 0-12 mM-adenosine, 12 mM-phosphate buffer, pH 7*4, and 0 5 ml. of tissue suspension in a total volume of 3 ml.; the tubes were incubated for 40 min. at 370 and the reaction was stopped by adding 1 ml. of 2M-HC104. After centrifuging, samples (1 ml.) were * Present address: Department of Pharmacology, Yale University School of Medicine, New Haven, Connecticut, U.S.A. diluted to 3 ml. and their extinctions measured. The activity was expressed as pmoles of adenosine deaminated-/ min./mg. of deoxyribonucleic acid phosphorus (DNA-P).
Adenosine triphosphata8e. The procedure of van Bekkum (1955) was used. Incubations were carried out at both 00 and 370 and the inorganic orthophosphate (Pi) which was released was measured by the method of Berenblum & Chain (1938) . The activity was expressed as tg. of Pi released/min./mg. of DNA-P.
Alcohol dehydrogenase. This enzyme, prepared as described by Racker (1950) from yeast, was used for the assay (Kornberg, 1950) of diphosphopyridine nucleotide (DPN).
Ascorbic acid oxidase. The enzyme was assayed by estimating the rate of disappearance of ascorbic acid as measured by the reduction of 2:6-dichlorophenolindophenol (Methods of Vitamin Assay, 1951) . The incubation system consisted of 1 ml. of 0-2M-acetate buffer, pH 5-0, 1 ml. of ascorbic acid (17.5,ug./ml.) and 1 ml. of tissue suspension. After incubation at 370 the reaction was stopped by adding 1 ml. of 2M-HClO4 and the tubes were centrifuged. Portions of the supernatant fluids (2 ml.) were pipetted into spectrophotometer cells, followed by 2 ml. of 2:6-dichlorophenolindophenol (16 ug./ml.). Readings of extinction at 520 mb were taken at 5, 15 and 30 sec. so that by extrapolating to zero time the decrease in extinction due to ascorbic acid alone could be determined. The activity was expressed as izg. of ascorbic acid oxidized/min./mg. of DNA-P.
Catalase. The procedure of Dale & Russel (1956) was modified to give a colour which was less markedly temperature-dependent. Stock titanium reagent was prepared by boiling 20 ml. of commercial titanous chloride solution (British Drug Houses Ltd., 15%) with 10 ml. of 5N-H2S04 and adding a few drops of conc. HNO3 to just discharge the pink colour. The yellow solution was then made up to 50 ml. with water to give the stock reagent, which was diluted 1:10 for use. 0*05M-Hydrogen peroxide (1 ml.) and 1 ml. of 0-02M-phosphate buffer, pH 7-0, were pipetted into each centrifuge tube. The reaction was begun by rapid addition of 1 ml. of tissue and stopped by blowing in 2 ml. of 5N-H2S04, incubation being carried out at 00. Acid was added before the tissue to obtain the zero time samples.
The acidified suspensions were then centrifuged and samples (1 ml.) transferred to 10 ml. graduated tubes. To each of these was added 1 ml. of diluted titanium reagent and then water to the 10 ml. mark. The tubes were left standing for 15 min. at room temperature and extinctions were determined at 407 mu. The activity was expressed as **moles of H202 decomposed/min./mg. of DNA-P.
Cytosine and cytidine deaminases. The procedure was that described for adenosine deaminase except that 0-12 mM-cytosine and 0-12 mm-cytidine were substituted for adenosine. Extinctions were measured at 280 mp, at which wavelength a 58% decrease in absorption accompanies the deamination (Hotchkiss, 1948) . The activity was expressed as s.moles of cytosine or cytidine deaminated/ min./mg. of DNA-P.
Diphosphopyridine nucleotide (DPN) nucleosidase and diphosphopyridsne nucleotide pyrophosphatase. These enzymes were assayed together with an incubation medium consisting of 1-2 mM-DPN, 0-06M-phosphate buffer (pH 7-1) and 0*2 ml. of tissue suspension in a total volume of 0 5 ml.; initial and final samples were obtained by heating the tubes for 1-5 min. at 1000 before and after incubation at 370 for 15 min. Samples (0-2 ml.) were pipetted into 3 ml. of m-NaCN for DPN-nucleosidase activity (Zatman, Kaplan & Colowick, 1953) and into 3 ml. of the alcoholdehydrogenase system for estimations of DPN-pyrophosphatase activity (Kornberg & Pricer, 1950) . Molar extinction coefficients of 6-3 x 103 at 325 m,u (Colowick, Kaplan & Ciotti, 1951) and 6-22 x 108 at 340 mp (Horecker & Kornberg, 1948) were used for the conversion of DPN into the cyanide derivative and into the reduced form respectively. Correction of the total change in DPN content, given by the alcohol-dehydrogenase method for the DPN cloven at the pyridinium linkage, gave the amount decomposed by pyrophosphatase action. The activity was expressed as pmoles of DPN decomposed/hr./mg. of DNA-P.
Diphosphopyridine nucleotide pyropho8phorylase. This enzyme was estimated by the increase in the rate of disappearance of enzymically active DPN which occurs in the presence of inorganic pyrophosphate (Kornberg, 1950 Heppel (1955) . The activity was expressed as ,ug. of Pi liberated/min./mg. of DNA-P.
5'-Nucleotidase. The assay system was that of Heppel & Hilmoe (1955) . The activity was expressed as jug. of Pi liberated/min./mg. of DNA-P.
Phosphatases. Acid and alkaline phosphatases were determined by a modification of the method of Huggins & Talalay (1945) . A more dilute alkaline glycine reagent was foundto give a more stable colour. This solution consisted of 1-38g. ofglycine, 1-5g. ofNaOHand6-0 g. ofNa4P,07,1OH2O in 1 1. To avoid the gelation which occurs when nuclei are exposed to alkaline solutions, the reaction was stopped with ethanol. The medium for acid phosphatase contained 0-1 r-acetate buffer, pH 5 5, and the medium for the alkaline enzyme contained m-veronal buffer, pH 7*4, and 0.04% (w/v) of MgC1,,2H20. Both media also contained mar-phenolphthalein phosphate (L. Light and Co. Ltd.). Samples of either acid or alkaline medium (2 ml.) were incubated at 370 with 0.5 ml. of tissue suspension. The reaction was stopped by adding 2 ml. of ethanol and centrifuging. Samples (2 ml.) of the supernatant fluids were treated with 2 ml. of alkaline glycine reagent and the extinctions measured at 555 mp. The activity was expressed as ,ug. of phenolphthalein released/hr./mg. of DNA-P.
Peroxidase. The assay described by George (1953) was used. The activity was expressed as ,umoles of H202/ min./mg. of DNA-P.
Polynucleotide phosp7orylase. This enzyme was estimated by measuring the rate of exchange of inorganic
[32P]orthophosphate with the terminal phosphate group of adenosine diphosphate (ADP) in the system described by Hilmoe & Heppel (1957) . The activity was expressed as pg.
of Pi exchanged with ADP/hr./mg. of DNA-P.
Ribonuclease. This enzyme was assayed by determining the release of acid-soluble nucleotides as u.v.-absorbing material. The incubation medium contained 0 5 ml. of yeast ribonucleic acid (RNA; 1%), 0 5 ml. of buffer (0-1 M acetate, pH 5-5, or 0O1m-2-amino-2-hydroxymethylpropane-1:3-diol-HCl buffer, pH 8.0), 0-8 ml. of water and 0-2 ml. of tissue. The reaction was stopped by the addition of 2 ml. of acid ethanol (Roth & Milstein, 1952) and, after centrifuging, the extinctions of the supernatant fluids were read at 260 m,u. Activities were calculated from a value for Eno m of 393 for a solution of RNA containing 1 mg. of phosphorus/ml., derived from the data of Volkin & Carter (1951) . The activity was expressed as mg. of RNA phosphorus (RNA-P) released/hr./mg. of DNA-P. Xanthine oxida8e. The method was based on that described by Kalckar (1947) but the presence of uricase in our spleen-nuclear preparations made it necessary to modify the incubation medium. Both uricase and xanthine oxidase are inhibited by cyanide, but if the substrate is added before the cyanide, xanthine oxidase retains its activity (Szent-Gyorgyi, 1926) . Therefore NaCN was added finally to all test systems at a mm concentration. The activity was expressed as i&moles of uric acid formed/min./mg. of DNA-P.
Materials and methods Animals. Male and female animals (wt. 80-120 g.) of the laboratory strain of Wistar rats were used. They were decapitated and the organs were rapidly removed and placed in ice-cold medium. In experiments on the catalase activity of pigeon liver, adult male birds were killed by decapitation.
Irradiation. (1950) .
Preparation of nuclear suspension&. Three media were used: medium A was 0 25M-sucrose, 3-3 mM-CaC12, 5 mMtriethanolamine-HCl adjusted with NaOH to pH 6-8; medium B was as A, but with 1F8 mM-CaCl2; medium C was 45 mM-glucose, 85 mM-KC1, 8-5 mM-NaCl, 2-5 mM-CaCl2, 2-5 mM-MgCl2 and 5 mM-triethanolamine-HCl adjusted to pH 6-8. An account of the procedures used for the isolation of cell nuclei has appeared previously (Creasey & Stocken, 1959) . For the present studies lymph nodes were obtained exclusively from the cervical region of the animals, except in one experiment when ileac nodes were used. Nuclei were isolated from pigeon liver in exactly the same way as from the corresponding rat tissue.
Deoxyribonucleic acid estimation. Burton's (1956) (Kornberg, Lieberman & Simms, 1955) . RESULTS Nuclei were isolated from lymph node, kidney, spleen and thymus gland in medium A and from brain and pigeon and rat liver in medium B.
Certain enzymes could not be detected in any of the preparations tested and these included ascorbic acid oxidase, cytosine and cytidine deaminase, peroxidase and the desamido pathway of DPN synthesis. In these cases liver, spleen and thymus nuclei were tested. The results of the other assays appear in Tables 1-3 . Liver-nuclear preparations were generally more active than those from the thymus, especially with respect to their catalase and phosphatase activities. Adenosine deaminase and xanthine oxidase activities were, however, similar in all the tissues which were examined. Polynucleotide-phosphorylase activity was very low in the liver nuclei so that it is unlikely that its absence from thymus constitutes a significant distinction between these tissues. The activity of liver nuclei in the metabolism of pyridine nucleotides was found to be greater than that of thymusnuclear preparations.
The most notable feature observed was the high level of catalase in the non-sensitive tissue nuclei (Table 3) . Such a marked difference between the two types of tissue nuclei made it seem not unlikely that there might exist some correlation between enzyme distribution and radio-sensitivity. It was of interest therefore to see whether radiation would affect the activity of this enzyme. Rats were irradiated with varying doses of whole-body radiation and killed 1 hr. later. The catalase levels in tissues from these rats were compared with those from similar animals which had been treated in the same way except for the radiation. It was noted (Table 4) that the activity associated with the isolated nuclear fraction diminished with increasing doses of radiation. There appeared to be a slight Table 4 . Changes in catalase activities of t8ssues from rats which had been exposed to whole-body X-irradition 1 hr. before
All tissue fractions were prepared in medium A, except for liver where medium B was used. The catalase activities of tissue fractions from irradiated animals are grouped with those of tissues from the corresponding control rats, which, apart from the radiation, had been treated similarly. some of this enzyme as well as acid-soluble ultraDose (r.) violet-absorbing material from the nuclei (Table 5) .
A similar experiment with deoxyribonuclease ffect of y-irradiation in vitro upon the catalase failed to show such an effect. increase in the activity of the whole homogenate, but in view of the small changes obtained and lack of any correlation with the dose of radiation received this is of doubtful significance. Although the results of the irradiation studies in vivo indicate that the nuclear-catalase activity is depressed, the rather wide range of the control values over the whole series of experiments somewhat obscures the significance of the data. In view of this, experiments with radiation in vitro were carried out. Nuclei were isolated from rat thymus glands in medium C and part of the suspension was exposed at 00 to y-irradiation from a radium source. The catalase activity was then compared with that of the untreated portion thus eliminating the factor of control variation. The decrease in the activity of the irradiated samples (Fig. 1 ) not only serves to reinforce the findings in vivo but also indicates that the radiation is acting directly upon the nucleus and not upon some other part of the cell.
In an attempt to find other factors which might influence the level of catalase in cell nuclei, we studied the effect of ribonuclease action upon isolated nuclei. In these experiments both control DISCUSSION The literature concerning the enzymic composition of isolated cell nuclei has been adequately reviewed (Dounce, 1950a, b; 1952 , 1954 Allfrey, Mirsky &.Stern, 1955; Siebert & Smellie, 1957) , and despite the problem of modification of nuclear composition during the standard isolation procedures (Stern & Mirsky, 1953 Val. 77 9 this way in mammalian systems. However, the presence of DPN pyrophosphorylase in nuclear preparations from spleen (Potter & Grannis, 1953) , liver (Hogeboom & Schneider, 1952) and thymus makes it most probable that DPN itself is available as a hydrogen acceptor. Reduced DPN could then be reoxidized in the mitochondria. The distribution of the enzymes involved in DPN metabolism is of interest; liver nuclei are more active than both spleen (Potter & Grannis, 1953) and thymus preparations. Relatively low levels of DPN have been noted in tumour tissues (Glock & McLean, 1957) and Morton (1958) has suggested that the ability of a tissue to generate DPN in its cell nuclei may be the determining factor in the rate of growth. Tissues such as the liver are able to increase their capacity to synthesize DPN and thus to supply a large cytoplasm with this metabolite. In rapidly dividing tissues, the nuclei are unable to make this adjustment and are thus frequently subjected to a cytoplasmic stimulus (associated with the ATP level) which initiates the process of division. Although examination of a wider range of tissues and of the action of possible inhibitors of DPN pyrophosphorylase is advisable, and although the position w-vith respect to the desamido pathway is not yet clear, the present data may certainly be reconciled with such a mechanism.
It does not appear that the metabolism of DPN is directly influenced by irradiation. In some preliminary experiments no change was detected in the activity of DPN nucleosidase, as well as of ribonuclease and adenosine deaminase, in thymusnuclear suspensions 1-2 hr. after a total body radiation of 200 r. This is in agreenmnt with the work of Eichel & Spirtes (1955) , who were able to detect a decrease only in spleen DPNH after 980 r. when gross changes in cell population had occurred.
The only marked differentiation between radiosensitive and non-sensitive tissue nuclei which emerged from these studies was in their catalase activities. This enzyme has attracted some attention because of the possible mediation by peroxides in the development of the radiobiological lesion. Radiation of the purified enzyme has been shown to cause inactivation (Forssberg, 1947) and the work of Sutton (1956) has established that this effect was not due to the hydrogen peroxide produced by the action of ionizing radiation upon water but rather to free radicals interacting at the iron atom of the catalase molecule. Studies of the catalase levels in vivo have revealed no uniform change, both activation (Euler & Hevesy, 1942; Aronson, Fraser & Smith, 1956 ) and inactivation (Feinstein, Butler & Hendley, 1950; Mori, Momoki & IOt, 1951) having been reported. Certain of these observations may, at least in part, be attributed to other factors such as cell permeability (Aronson et al. 1956) or to changes in the rate of enzyme synthesis (Mori et al. 1951 ). However, some of the contradictions may spring from a possible dual role of the radiation. First, we have the radicalmediated inactivation and, secondly, there may be an increased availability of the enzyme, either by release through the cell membrane or by mobilization from intracellular sites, where it forms part of the particulate structure. Evidence pertaining to this latter possibility is seen in the work of Brown (1952) , who found a more active catalase component which was associated with structural elements of the cell and was released by vigorous homogenization. Kaplan & Paik (1957) concluded from their studies of the action of u.v. light upon yeast-cell catalase that the enzyme was associated with ribonucleoprotein, and that radiation led to the dissociation of this complex. This gave rise initially to an increase in the apparent enzyme activity, and then, after a maximum had been reached, the activity fell off apparently through inactivation of the enzyme by radiation. The data on nuclear catalase presented here can be reconciled with the existence of some form of enzyme complex; this is suggested even by the fact that nuclei are able to retain a soluble enzyme such as catalase. As to the nature of the insoluble complex, the experiments with ribonuclease indicate that RNA may be involved. The results obtained after irradiation in vivo suggest that we are dealing with an effect which is possibly analogous to that observed by Kaplan & Paik, since there was a loss of the nuclear component without any decrease in the total cellular content. However, the experiments with irradiation in vitro seem rather to indicate that catalase is being inactivated. Attempts have been made to measure the amount of catalase which had leaked out of the nuclei during irradiation. With the usual assay system only traces of the enzyme were found, but in one experiment in which the hydrogen peroxide concentration had been lowered from 16-7 to 3-3 mm, a total initial activity of 18-4 units decreased to 15-7 units, of which 3-7 units were in the supematant after irradiation (thymus nuclei; 240r.). This suggests that more sensitive assay systems which did not subject the enzyme to substrate inactivation might disclose that the radiation had caused a leakage of the enzyme rather than an inactivation. The significance for the organism of this migration of catalase from its normal site of action is difficult to assess, but it is permissible to speculate. It has been known since the work of Keilin & Hartree (1945) that catalase can function in coupled oxidations, and it is probably in that capacity that the deficiency will be felt.
At the present time it seems probable that the biochemical mechanism whereby the radiobiological lesion is propagated and amplified involves a disruption of the ordered arrangement of enzyme systems, substrates and activating ions within the cell. Many such changes in intracellular distribution are already known, as, for example, the leakage of deoxyribonuclease II cited above, and the loss of nuclear sodium and potassium ions (Creasey, 1960) , and it is likely that the consequences of such disorganization will be more far reaching than could possibly be the case if the damage were restricted to enzyme inactivation. SUMMARY 1. A study has been made of the enzyme content of cell nuclei isolated from both radio-sensitive and non-sensitive tissues of the rat and from pigeon liver in an attempt to demonstrate a biochemical basis for differences in radio-sensitivity.
2. Catalase activity was found to be much greater in the nuclei from non-sensitive tissues.
3. Total body radiation led to a decrease in nuclear-catalase content, but no significant change in the activity of whole lymphatic tissues. The nuclear effect could be correlated with the dose of radiation received.
4. Radiation of nuclear suspensions of thymus led to a decrease in activity. In recent years the immune reaction has been used, directly or indirectly, for the fractionation of antibody proteins. Application of such methods has been reviewed by Isliker (1957) . For example, Campbell, Luescher & Lerman (1951) have chermically conjugated antigen protein to a polymer such as cellulose and have used the product in a column to fractionate antibody. In the course of a more general attempt (Tozer, Cammack & Smith, 1958) to separate antigens by means of their immunochemical specificities, G0. H. Whitham, B. T. Tozer & H. Smith (unpublished work) attempted to invert the method used by Campbell et al. (1951) , and, by conjugating antibody to cellulose, use the product to fractionate antigens. The amount of antibody protein which can be conjugated in this manner is not large and the stoicheiometry of the immune reaction is such that the ratio of antigen combining with antibody is usually low. The result is that the capacity of such conjugated material is also low. It occurred to us that greater capacity could be achieved by using antibody protein to cross-link linear polymers such as a styrene, suitably substituted with a group capable of reacting with reactive centres or groups in the protein molecule e.g. tyrosyl and sulphydryl groups. While this work was in progress G}yenes, Rose & Sehon (1958) reported a similar approach to the fractionation of antibody proteins. The present paper describes the preparation of two types of such crosslinked polymers from styrene and antibody protein, in which the chemical conjugation is achieved in one by means of a diazo group and in the other by means of a mercury atom. A preliminary account of some of this work has already been published (Kent & Slade, 1959) .
MATERIALS AND METHODS
Antigens. Pasteurella pestis toxin was prepared by (NH4),SO4 precipitation from the protein fraction of Pasteurellapestis grown on a casamino acid-glucose medium at 28° (Englesberg & Levy, 1954) . Anthrax protective antigen was prepared as a culture filtrate prepared by the method of Thorne & Belton (1957) . Ovalbumin was prepared by Na2SO4 precipitation according to the method of Kekwick & Cannan (1936) .
Antibodies. Ovalbumin antiserum was prepared in rabbits and supplied by Dr H. Smith and Dr B. T. Tozer. Plague antiserum was prepared in rabbits by Dr A. P. MacLennan and was active against the toxin and several other, but not all, known antigens of Pasteurella pestis; 1 ml. of antiserum neutralized 4 mg. of toxin. A hyperimmune anthrax antiserum was prepared in horses by Mr F. C. Belton using a spore vaccine (Sterne Strain).
y-Globulins. These were prepared from both normal and immune sera by Na2SO4 precipitation by the method of Kekwick & Record (1941) and stored as freeze-dried powders.
Polyaminostyrene. In the initial experiments linear polystyrene, Distrene 80 (British Resin Products Ltd. Hayes, Sully, Penarth, Glamorgan, Wales) was nitrated with a mixture of HNO3 and H1S84 to the extent of approximately one nitro group per aromatic ring; the nitro compound was reduced with SnCl2 and HCI by the method of U.S. Pat. 2,366,008. The polyaminostyrene so prepared, though fully soluble in dil. HCI, gave, surprisingly, a sparingly soluble diazonium salt. This was traced to the presence in the product of a small percentage of sulphonic acid groups, derived from the H2SO4 used during the nitration. When HNO3 alone was used in this stage, a soluble diazonium salt was formed. The method finally adopted was as follows.
Granular Distrene (20 g.) was mixed with 100 ml. of fuming HNO3 (95%, w/w; sp.gr. 1.5) and warmed on a water bath until dissolved. Heating at 100°was then continued on the steam bath (usually for about 30 min.) until
